Although chronic graft-versus-host disease (cGVHD) is a major long-term complication of allogeneic hematopoietic stem cell transplantation, little is known of its pathogenesis. We have systematically examined oral mucosa among cGVHD patients and determined that the clinical severity of oral cGVHD was correlated with apoptotic epithelial cells, often found adjacent to infiltrating effector-memory T cells expressing markers of cytotoxicity and type I cytokine polarization. Accumulation of T-bet ؉ T-cell effectors was asso- 
Introduction
Chronic graft-versus-host disease (cGVHD) is the most important long-term complication of allogeneic hematopoietic stem cell transplantation, 1 yet its pathogenesis remains poorly understood. The highly heterogeneous clinical manifestations of cGVHD and the lack of animal models adequately replicating human disease have complicated analysis. 2 Although it is generally recognized to be a T cell-mediated disorder, controversies have persisted regarding the specific pathways involved. Acute GVHD has long been demonstrated to be dependent upon type I cytokine-driven CD8 effectors, whereas cGVHD has been associated with type II CD4 T cells. 3 Yet evidence of Th2 involvement is limited and, depending upon the animal model used, all 3 major subtypes of CD4 cells (Th1, Th2, and Th17) have been implicated in cGVHD. [3] [4] [5] Furthermore, very few studies have focused on the events occurring in the target tissues of cGVHD in humans. Retrospective case studies of biopsies performed for clinical indications have been accompanied by minimal patient information and have relied for controls on tissues from healthy donors, not non-GVHD transplant recipients. 6, 7 The limited understanding of disease pathogenesis has restricted the development of new therapies for cGVHD. Current treatment of cGVHD continues to focus on nonspecific immunosuppression, resulting in exacerbation of immune deficits, infectious complications, and tumor relapse. 1 Clinical presentation of cGVHD is highly variable but commonly includes sclerotic or lichenoid skin involvement, oral and genital mucosal lesions, and salivary and lacrimal gland damage resulting in xerostomia and xerophthalmia, respectively. Importantly, many of these manifestations closely resemble classic autoimmune conditions such as scleroderma, lichen planus, and Sjogren syndrome. 1 Involvement of the oral cavity is second only to skin in frequency, occurring in the majority of cGVHD patients. 8 Lichen planus-like oral mucosal lesions are considered to be highly specific for cGVHD. 9 Oral cGVHD presents a significant burden to the patients leading to pain, food intolerance, change in taste, xerostomia, and ultimately decreased quality of life. 10 In addition, the risk of secondary squamous cell carcinoma is greatly increased in those affected by cGVHD. 11 For these reasons, we analyzed the pathologic changes in oral mucosa in patients enrolled on a cross-sectional natural history protocol of cGVHD; patients were recruited into the study at a broad range of times after transplantation and development of cGVHD. As part of a multidisciplinary evaluation of cGVHD staging, 9 biopsies were collected from the buccal mucosa in patients with both lichen planus-like and more severe ulcerative oral cGVHD. These tissues were then examined by confocal microscopy and polymerase chain reaction (PCR) analysis to characterize infiltrating immune cell populations. To reduce confounding factors, such as effects of conditioning and immunosuppressive treatment, we included biopsies from cGVHD patients lacking clinical involvement of the oral cavity as controls.
We report here that severe oral cGVHD was primarily associated with infiltrating effector-memory T cells expressing T-bet, a transcription factor marking type I cytokine polarization (type I helper T cell/type I cytotoxic T cell [Th1/Tc1]). Increased epithelial apoptosis, the distinctive feature of active oral cGVHD, was associated with an increase in TIA ϩ granzyme B ϩ cytotoxic CD8 cells. Furthermore, the selective accumulation of T-cell effectors was associated with both increased proliferation and the expression of the chemokine receptor CXCR3. Concurrently, we observed increased expression of interferon (IFN)-induced factors including the CXCR3 ligand MIG (CXCL9) and interleukin-15 (IL-15) in both infiltrating cells and keratinocytes in the affected tissues; these factors support the migration, Th1/Tc1 differentiation, and expansion of the T effectors. Furthermore, up-regulation of the type I IFN-specific gene MxA in the mucosal epithelium and the presence of plasmacytoid dendritic cells (pDCs), the main producer of type I IFNs, in the infiltrate are consistent with the production of type I IFN in affected tissues. These data support a model that oral cGVHD results from the interaction of IFN-driven inflammatory processes and Th1/Tc1-differentiated effectors.
Methods

Patient population
We analyzed samples from 37 patients enrolled in a natural history study of chronic GVHD (http://www.clinicaltrials.gov no. NCT00331968).
The study was approved by the Institutional Review Board of the National Cancer Institute and informed consent was obtained from all participants in accordance with the Declaration of Helsinki. Patients underwent comprehensive initial evaluation including detailed history, clinical examination, laboratory tests, and collection of research samples. Demographic and transplant characteristics of patients are represented in Tables 1 and 2 . Oral cGVHD was evaluated and graded by an oral medicine specialist using the following severity scoring system: normal mucosa-no oral CGVHD; lichenoid changes with or without erythemamild oral CGVHD; and lichenoid changes and presence of ulcerationssevere oral CGVHD. Images representative of the spectrum of clinical changes are presented in Figure 1 . For patients completing the full NIH cGVHD assessment, an NIH Global cGVHD Severity Score (mild, moderate, or severe) was generated based upon a detailed multidisciplinary clinical and diagnostic evaluation of 8 organ systems, including the skin, mouth, eyes, liver, lungs, genital tract, joint fascia, and gastrointestinal systems. 9 In Table 2 , the global CGVHD severity and the number of organ systems involved are listed. Six patients enrolled in the cGVHD natural history study, who had no clinical evidence of oral cGVHD at the time of the evaluation (independent of mild to severe overall cGVHD based on involvement of other organ systems), served as oral cGVHD controls. In addition, biopsies were assessed from 1 long-term transplant recipient who did not develop cGVHD and from For personal use only. on June 10, 2017. by guest www.bloodjournal.org From 2 patients in a separate longitudinal study before onset of any cGVHD symptoms; the latter 2 provided posttransplantation time points comparable with those developing severe oral cGVHD by 6 months after transplantation.
Six-millimeter punch biopsies were then performed from the buccal mucosa of consenting patients at the time of the comprehensive evaluation and scoring. For immunofluorescent staining, samples were fixed in 10% neutral-buffered formalin and embedded in paraffin. In a subset of 21 patients, biopsy tissue was split and half was immediately frozen in dry ice-isopentane slurry for PCR analysis. Frozen samples were stored at Ϫ 80°C until further analysis.
Immunofluorescent staining
Five-micrometer sections were prepared from formalin-fixed paraffinembedded samples. After deparaffinization and rehydration hightemperature antigen retrieval was performed in 0.01 M ethylenediaminetetraacetic acid (EDTA) solution (pH 8.0) in a pressure cooker. After blocking with 10% normal serum from the secondary antibody species, the primary antibodies were applied and incubated for 2 hours at room temperature or overnight at 4°C. The antibodies to the following antigens were used: CD45, clone 2B11/PD7/26; CD3, clone F7.2.38; CD3, rabbit polyclonal; CD8, clone C8/144B; granzyme B, clone GrB-7; CD68, clone PG-M1; CD20, clone L26 (all from Dako, Carpinteria, CA); active (cleaved) caspase-3, rabbit polyclonal; phosphosignal transducer and activator of transcription-1 (STAT1), clone 58D6 (all from Cell Signaling Technology, Danvers, MA); Ki-67, clone B56; CD45RO, clone UCHL1; CD45RA, clone HI100 (all from BD Biosciences, San Diego, CA); CD8, clone SP16; CD163, clone 10D6 (all from Labvision, Fremont, CA); HLA-DR, clone LN-3 (Invitrogen, Carlsbad, CA); IL-15, clone 34505; MIG, clone 49106 (all from R&D Systems, Minneapolis, MN); pancytokeratin, clone AE1/AE3 (AbD Serotec, Raleigh, NC); CD3, clone PS1 (Vision Biosystems, Norwell MA); Tia-1, clone 2G9A10F5 (Beckman Coulter, Miami, FL); T-bet, clone 4B10 (eBioscience, San Diego, CA); and CD2ap, rabbit polyclonal (Sigma-Aldrich, St Louis, MO). Mouse monoclonal antibody against MxA, clone M143, was kindly provided by Dr Otto Haller (University of Freiburg, Freiburg, Germany). 12 Alexa Fluor 488-, 555-, 568-, 594-, 633-, 647-, and 680-labeled donkey and goat secondary antibodies (Invitrogen) were used for detection. CD4 T cells were identified as CD3 ϩ CD8 Ϫ . Mounting medium with 4Ј,6Ј-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA) or DRAQ5 (Biostatus, Shepshed, United Kingdom) was used for nuclear counterstaining. 
Confocal laser-scanning microscopy and image analysis
Images were acquired on a Leica SP2 confocal system (Leica Microsystems, Bannockburn, IL) equipped with AOBS (Acousto Optical Beam Splitter) and a Leica DM RE-7 upright microscope using a 40ϫ/1.25 NA objective. To get an estimate of cell populations in each section, 5 to 10 adjacent nonoverlapping images were obtained centering on the basement membrane region. Immune cell populations expressing markers of interest were then quantified visually or in software-assisted manner, using Photoshop CS (Adobe, San Jose, CA) or Volocity 4.2 (Improvision, Waltham, MA), respectively. CD68 cells were quantified by total area of positive pixels in the image. MxA expression was quantified by mean pixel intensity throughout the image.
Quantitative real-time PCR
Frozen samples of oral mucosa were homogenized and total RNA extracted using RNA Stat60 according to the manufacturer's protocol (Tel-Test, Friendswood, TX). One round of RNA amplification was performed on 500 ng total RNA using the MessageAmp aRNA Kit (Ambion, Austin, TX) according to the manufacturer's protocol. Synthesis of cDNA was performed using 1.5 g aRNA and the Transcriptor First Strand cDNA Synthesis Kit (Roche Applied Science, Indianapolis, IN), also according to the manufacturer's protocol with the following modification: a mixture of oligo dT and random hexamers was used in the reaction. All PCR assays were designed using Roche Applied Science's Universal Probe Library Design Center to be intron spanning. The following primer-probe combinations and were used: t-bet (NM_013351.1): forward tgtggtccaagtttaatcagca and reverse tgacaggaatgggaacatcc (probe no. 9); IL-15 (NM_000585. 
Statistical methods
Differences between groups and correlations were assessed using nonparametric Mann-Whitney and Spearman tests, respectively. The Fisher exact test was used for categoric variables. P values less than .05 were considered significant. All calculations were performed on MedCalc version 9.3.0.0 statistical software (Mariakerke, Belgium).
Results
Severe oral cGVHD is characterized by increased keratinocyte apoptosis and infiltration
As part of multidisciplinary cGVHD staging and evaluation, patients were classified as having severe (ulcerative), mild (nonulcerative), or no clinical oral cGVHD (controls). Patients early in the course of the disease (Ͻ 1 year after transplantation) were found to be more likely to have severe, ulcerative lesions (77% vs 36%, Fisher exact test, P ϭ .017).
The presence of apoptotic cells in the epithelial layer with adjacent mononuclear cells (satellitosis) and subepithelial infiltrate has long been considered the histopathologic hallmark of active cGVHD (Figure 2A) . 13 To objectively quantify the degree of apoptosis and overall density of infiltration, we have used immunofluorescent staining for active (cleaved) caspase-3, commonly used for early detection of apoptosis 14 and CD45.
We observed increased numbers of cleaved caspase-3-positive cells in the keratinocyte layer in patients with oral cGVHD compared with control patients (Figure 2B,C) . CD45 cells were frequently closely associated with the apoptotic cells ( Figure 2B ). Apoptotic cell count within the epithelial layer and CD45 count correlated with clinical severity assessed using the oral cGVHD grading (r ϭ 0.53, P ϭ .002 and r ϭ 0.40, P ϭ .02, respectively). To confirm that the apoptotic cells are in fact keratinocytes, we used double staining with pancytokeratin and CD45. Apoptotic cells were keratin positive but CD45 Ϫ , confirming that keratinocytes, but not infiltrating cells, undergo apoptosis in the oral cGVHD epithelium (Figure 2D-F) . Patients with severe oral cGVHD had increased numbers of epithelial caspase-3-positive 
Infiltrating T cells express markers of effector-memory phenotype, cytotoxicity, and type I cytokine polarization
Although prior studies demonstrated that the infiltrate of oral cGVHD consists predominantly of T cells, 6,7 the quantitative relationships among various subpopulations have not been fully evaluated. Consistent with previous studies, we found that the subepithelial infiltrate in oral cGVHD consisted predominantly of CD3 ϩ T cells and CD68 ϩ cells of macrophage/dendritic origin ( Figure 3A-E) . CD3 ϩ CD8 ϩ T cells predominated over CD3 ϩ CD8 Ϫ (CD4) T cells. There were very few (Ͻ 1%) natural killer (NK) cells (CD3 Ϫ CD56) or B cells (CD20) in the infiltrate (data not shown). Both CD3 ϩ CD8 ϩ and CD3 ϩ CD8 Ϫ (CD4) T cells expressed CD45RO, the surface marker of effector-memory cells ( Figure 3A-D) .
Having observed the increased apoptosis in the affected epithelium, we examined the phenotype of the infiltrating T cells in more detail. We found that CD8 cells expressed markers of activated cytotoxic effectors, such as granzyme B and TIA-1 and were often closely associated with the apoptotic keratinocytes ( Figure 3F,G) . Furthermore, infiltrating T cells expressed T-bet, a transcription factor essential for type I cytokine polarization and for production of granzyme B (Figure 3H,I ). 15, 16 Although all T-bet ϩ cells were CD3 ϩ , some T-bet ϩ cells were CD8 Ϫ (Figure 3H,I ), suggesting that CD3 ϩ CD8 Ϫ , that is, CD4 ϩ T cells, present in the infiltrate also expressed T-bet.
Although all contributing cell populations were increased in patients with severe oral cGVHD ( Figure 3J -L), CD8 T cells were particularly prevalent ( Figure 3J ). The relative proportion of CD4 (as assessed as CD3 ϩ CD8 Ϫ ) cells increased in patients late after transplantation, as indicated by positive correlation between CD4/ CD8 ratio and the time after transplantation (r ϭ 0.38, P ϭ .03). Furthermore, the number of infiltrating CD8 cells better correlated with the epithelial apoptotic count (r ϭ 0.69, P ϭ .001) than that of CD4 cells (r ϭ 0.49, P ϭ .004). Based upon prevalence and correlation with epithelial damage, the primary effector is likely to be a T-bet ϩ CD8 ϩ T cell.
Infiltrating T cells express CXCR3, and CXCR3 ligands are up-regulated in oral cGVHD
Chemokines play a key role in the pathogenesis of the autoimmune and alloimmune conditions, including GVHD, directing trafficking of the effector cells to the target tissues. 17 Therefore, we examined chemokine receptor and ligand expression in the affected oral tissues. Expression of CXCR3 is characteristic of type 1 cytokineproducing T cells and is T-bet dependent. 18, 19 Consistent with their expression of T-bet, nearly all infiltrating T cells in oral cGVHD expressed CXCR3 (Figure 4A-C) . Furthermore, CXCL9 (MIG), one of the ligands of CXCR3, was highly expressed by the oral epithelium and infiltrating cells in patients with severe oral cGVHD ( Figure 4D-F) .
To better evaluate the mechanisms of effector cell accumulation in oral cGVHD, we next assessed the proliferation of the infiltrating cells by costaining with Ki-67. We found that both CD8 ϩ and 
Production of IL-15 in affected tissues in oral cGVHD
Having found that active oral cGVHD is characterized by accumulation of effector-memory cells expressing markers of type I differentiation such as T-bet and CXCR3, we examined the potential mechanisms of generation and maintenance of these cells.
IL-15 is well established as a critical cytokine for generation, proliferation, and maintenance of effector-memory CD8 cells and was recently shown to induce proliferation and tissue migration of CD4 cells. 20 In addition, IL-15, similar to IL-12, has been shown to induce T-bet and drive Th1/Tc1 differentiation. [21] [22] [23] In addition to its role as a homeostatic cytokine, IL-15 has been implicated in several inflammatory autoimmune conditions. 24 We therefore examined IL-15 expression in affected oral tissues. IL-15 was expressed by the keratinocytes, endothelial, and infiltrating cells in patients with severe oral cGVHD but not in controls ( Figure 5A-C) . Because IL-15 expression was broadly distributed over the tissue, while T-bet expression was confined to scattered nuclei, we compared their mRNA levels in tissue reserved from split biopsies from 21 patients. The mRNA level of IL-15 was increased in patients with severe oral cGVHD ( Figure 5D ) and correlated well with that of T-bet (r ϭ 0.59, P ϭ .009, Figure 5E ), consistent with the role of IL-15 in induction of T-bet.
Potential role of type I IFN in oral cGVHD
Although IL-15 is constitutively produced in many tissues by myeloid cells, it is also inducible by inflammatory stimuli, in particular by type I IFN. Type I IFNs (IFN ␣/␤) can induce bystander proliferation of CD8 cells and this effect has been shown to be in part mediated through IL-15 induction. 25, 26 Similarly, production of the chemokine MIG (CXCL9), observed in the same buccal mucosal keratinocytes and myeloid infiltrate as IL-15, is inducible by type I IFNs. In addition high type I IFN activity has been linked to induction of diverse autoimmune conditions, including lupus and psoriasis. 27 We n ϭ 8, n ϭ 16 , and n ϭ 12 for control, mild, and severe groups, respectively) and CD68 cells (n ϭ 8, n ϭ 15, and n ϭ 10 for control, mild, and severe groups, respectively) are particularly prominent in severe disease (*P Ͻ .05; error bars represent SEM).
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therefore hypothesized that type I IFN system activation may play a role in early oral cGVHD.
Because the T-bet ϩ Th1/Tc1 cells in the infiltrate may be producing type II IFN, which can also induce production of IL-15 and MIG, we used staining for MxA as a measure of the type I IFN activity. MxA is an antiviral protein that is potently and specifically induced by type I but not type II IFNs. 12, 28 MxA was highly expressed in the keratinocytes and infiltrating cells in patients with severe oral cGVHD relative to patients with mild or no oral disease (Figure 5F-I) . Indeed, the overall expression of MxA, assessed as mean pixel intensity across 3 high-powered fields (HPFs), correlated well with the mean CD3 cell number per HPF (r ϭ 0.63, P ϭ .004, Figure 5J ).
STAT1 is a critical component of the IFN-signaling pathway. Upon binding of the IFN to the receptor, STAT1 is phosphorylated and translocates to the nucleus. 29 In addition to high MxA expression, patients with severe oral cGVHD demonstrated STAT1 activation in the affected tissues as evaluated by phospho-STAT1 staining ( Figure 5K-M) . For personal use only. on June 10, 2017. by guest www.bloodjournal.org From Plasmacytoid dendritic cells (pDCs) produce large amounts of type I IFN in response to viral infection, play a role in crosspresentation, and induce potent cytotoxic effectors and Th1 differentiation in CD4 cells. [30] [31] [32] In addition to their role in innate immunity, pDCs have shown to accumulate in the affected tissues in several classic autoimmune conditions, including lupus and psoriasis. 33, 34 The CD68 ϩ populations observed in the infiltrates in severely affected patients, although predominantly macrophages, include both plasmacytoid and myeloid dendritic cells. 35 Recently, CD2ap has been described as a specific marker of pDCs suitable for staining of paraffin sections. 36 We confirmed its specificity by costaining with other markers expressed by pDCs, such as HLA-DR, CD123, and CD45RA ( Figure S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). In addition, the morphology of CD2ap Ϫ CD68 myeloid cells was distinct from that of CD2ap CD68 ϩ pDCs ( Figure S1 ). Conversely, CD2ap was not expressed by T cells (CD3), B cells (CD20), or macrophages (CD163) ( Figure S1 ). We found that many CD68 cells in the severe oral cGVHD expressed CD2ap ( Figure 5N-Q) . In contrast, patients without oral cGVHD had very few or no CD2ap ϩ pDCs in oral mucosa.
Discussion
In this study we have determined that in patients with severe oral cGVHD, oral mucosa is characterized by increased epithelial apoptosis (cytokeratin caspase-3 keratinocytes) associated with infiltrates of T-bet ϩ T cells. Among infiltrating cells, the predominately CD45RO ϩ CD8 ϩ T cells expressed markers of cytotoxicity such as Tia-1 and granzyme B and were located in direct proximity to the apoptotic keratinocytes, suggesting their direct involvement in epithelial cell death. This is the first report demonstrating that T cells in cGVHD infiltrates express T-bet, a transcription factor critical for Th1/Tc1 polarization and production of IFN-gamma and granzyme B. 15 Importantly, in several in vivo models of alloimmunity and autoimmunity, T-bet was essential for achievement of the full pathogenic phenotype by effector CD8 cells. 19, [37] [38] [39] Furthermore, T-bet controls expression of CXCR3-a chemokine receptor previously shown to be critical for migration of alloreactive and autoreactive T cells to target tissues. 18, 19 We found that both T-bet and CXCR3 were expressed on the majority of the infiltrating T cells in oral cGVHD.
Concomitantly, keratinocytes in the mucosal epithelium and myeloid and plasmacytoid dendritic cells in the submucosal infiltrate demonstrated increased production of chemokines and cytokines that could support CD8 immigration, proliferation, and cytotoxic differentiation. The ligand for CXCR3, MIG/CXCL9, was highly expressed in these tissues in patients with active oral cGVHD. Of note, MIG/CXCL9 has been shown to be the predominant chemokine in lichen planus, an autoimmune disorder clinically and histologically very similar to chronic lichenoid GVHD. 40 Moreover, in oral cGVHD the mucosal epithelia and underlying myeloid infiltrate were found to express IL-15. Keratinocytes have been previously shown to produce both IL-15 protein and IL-15R-alpha-a receptor chain necessary for cross-presentation of IL-15 to CD122-bearing effector cells. 41 IL-15 is well established as a critical cytokine for proliferation, activation, and maintenance of effector-memory CD8 cells. 42 Furthermore, T-betthe Th1/Tc1-determining transcription factor expressed by most T cells in the infiltrate-has been demonstrated to enhance IL-15 responsiveness through induction of CD122. 43 Consistent with the role of IL-15 in stimulating proliferation, an elevated proportion of T cells in the infiltrate was in cycle (Ki-67).
We have not ruled out the potential involvement of Th2 or Th17 cells in the inflammatory process. We would note, however, that the majority of the T cells express T-bet and CXCR3. Th1 and Th2 pathways are generally mutually exclusive and transcription factors guiding cytokine polarization (T-bet and Gata-3) are strongly antagonistic. Potential roles for Th17 cells in initiating or supporting the inflammatory process remain to be determined.
Recent analyses of autoimmune disorders have supported a key role for type I IFN in initiating and sustaining the dysfunctional inflammatory process. 27, 44 In the oral mucosa in cGVHD, the keratinocytes and infiltrating myeloid cells demonstrate elevated expression of IFN-inducible factors (IL-15 and MIG), and the keratinocytes show evidence of continuing IFN signaling (phosphorylation and translocation of STAT1). Furthermore, the concomitant presence in severely affected mucosa of both MxA and pDCs, that is, a specific indicator of type I IFN and a major source, is consistent with a role of this cytokine. This associated increase in type I IFN-inducible products and accumulation of plasmacytoid dendritic cells in the subepithelial infiltrate is similar to what has been previously observed in the skin of patients with lupus, psoriasis, and cutaneous lichen planus. 33, 34, 45 Interestingly, plasmacytoid dendritic cell precursors have been reported to be decreased in the circulation in patients with lupus, presumably due to their migration into target tissues. 46 Recently, decreases in the number of pDCs in the blood have been found to be associated with acute GVHD. 47 We have similarly observed a reduction in pDCs in the circulation in cGVHD (data not shown).
The factors initiating type I IFN release in cGVHD are unknown and deserve further investigation. Viral infection with subsequent type I IFN activation has been shown to play a role in several models of autoimmunity. 27 Conditions of immune deficiency following allogeneic hematopoietic stem cell transplantation predispose to viral reactivation. Although no direct tests of viral antigenemia were performed, cGVHD patients enrolled in this study did not have any clinical evidence of local or systemic viral infection. Reactivation of latent viral infections in the oral cavity (both clinical and subclinical), however, is well known to occur in immunosuppressed patients. In fact, such reactivation may be one of the contributors to the self-perpetuating cycle of cGVHD exacerbation. In humans, pDCs selectively express the Toll-like receptors TLR7 and TLR9, which specifically respond to singlestranded RNA (ssRNA) and ssDNA viruses commonly affecting patients following HSCT, including herpes viruses, influenza, and vesicular stomatitis virus. 48 Furthermore, studies in lupus erythematosus and psoriasis have suggested that pDCs can also be activated through TLR9 by host DNA released from apoptotic cells. 49 HMGB1, a nuclear DNA binding protein released by dying cells, has been shown to enhance the interaction of DNA from apoptotic cells with Toll-like receptors, resulting in activation of plasmacytoid dendritic cells. 50 Increased HMGB1 release in affected tissues has been described in conditions such as lupus and Sjogren syndrome. 51 Based on this analysis of an important target tissue in cGVHD, we are proposing a new model of cGVHD pathogenesis, in which the local production of type I IFN by pDCs plays a central role in the initiation and continuation of cGVHD. Secretion of type I IFN by activated pDCs induces production of IL-15 and of chemokines such as MIG by keratinocytes as well as by CD68 ϩ myeloid cells. Type I IFN and IL-15 direct and sustain CD4 and CD8 polarization toward Th1/Tc1 phenotype, manifested in induction of T-bet and the receptor for MIG, CXCR3. Alloreactive CXCR3 T cells migrate into oral mucosal tissues along the chemokine (MIG/ CXCL9) gradient. Having reached the target tissues, T effector cells proliferate in response to antigen and locally produced IL-15, enter the epithelial layer, and mediate keratinocyte apoptosis. Sustained activation by cytokines secreted by T effector cells may lead to perpetuation of the alloimmune process. This model revises the current paradigm of cGVHD as a type II cytokine-mediated disorder, but is supported by both the evidence we are presenting here and by current research in tissue-specific autoimmune disorders such as lichen planus and psoriasis. Finally, this model lays the groundwork for new approaches to cGVHD treatment focusing on the IFN-mediated inflammatory axis.
